The elongation stage of transcription is highly regulated in metazoans. We previously purified the AFF1-and AFF4-containing super elongation complex (SEC) as a major regulator of development and cancer pathogenesis. Here, we report the biochemical isolation of SEC-like 2 (SEC-L2) and SEC-like 3 (SEC-L3) containing AFF2 and AFF3 in association with P-TEFb, ENL/MLLT1, and AF9/MLLT3. The SEC family members demonstrate high levels of polymerase II (Pol II) C-terminal domain kinase activity; however, only SEC is required for the proper induction of the HSP70 gene upon stress. Genome-wide mRNA-Seq analyses demonstrated that SEC-L2 and SEC-L3 control the expression of different subsets of genes, while AFF4/SEC plays a more dominant role in rapid transcriptional induction in cells. MYC is one of the direct targets of AFF4/SEC, and SEC recruitment to the MYC gene regulates its expression in different cancer cells, including those in acute myeloid or lymphoid leukemia. These findings suggest that AFF4/SEC could be a potential therapeutic target for the treatment of leukemia or other cancers associated with MYC overexpression.
T ranscription by RNA polymerase II (Pol II) is a finely tuned and multistep process (40, 42, 51) . After the synthesis of the first few phosphodiester bonds, RNA Pol II escapes from the promoter and enters the productive elongation stage of transcription, depending on the presence of proper environmental signals (40) . For decades, the preinitiation complex (PIC) assembly was thought to be the main target of regulation during the entire transcription process. Recently, however, a large number of studies have demonstrated that in addition to the regulation of PIC, promoter-proximal pausing by Pol II and its controlled release is a major regulatory step, especially on developmentally regulated genes (3, 7, 27, 35, 38, 42, 43, 57) . Multiple elongation factors regulating the elongation stage of transcription have been identified. These include P-TEFb (positive transcription elongation factor), DSIF (DRB sensitivity-inducing factor), NELF (negative transcription elongation factor), and ELL (eleven-nineteen lysinerich leukemia gene) (21, 37, 40, 42, 43) . DSIF and NELF coordinately participate in setting up paused Pol II at the promoterproximal region (50, 53) . The cyclin-dependent kinase 9 (CDK9) module of the P-TEFb complex phosphorylates serine 2 of the Pol II C-terminal domain (CTD), the SPT5 subunit of DSIF, and the E subunit of NELF, leading to the dissociation of paused Pol II from DSIF and NELF for productive elongation (12, 21, 29, 37) .
The kinase activity of P-TEFb is tightly regulated in vivo through the formation of different complexes to achieve its regulation of transcription elongation. The inactive form of the P-TEFb complex contains 7SK-RNA, MEPCE, LARP7, and HEXIM1, which sequester PTEFb and inhibit its kinase activity (4, 18) . The vast majority of P-TEFb exists in this inactive pool (36, 55) . P-TEFb was later found to form a complex with the bromodomain protein BRD4. The BRD4/ P-TEFb complex, which can phosphorylate the Pol II CTD in vitro, is required for basal levels of HIV transcription but not the Tat-mediated transactivation (20, 54) . We recently identified P-TEFb in a novel super elongation complex (SEC) consisting of the elongation factors ELL1 to ELL3 and several other MLL translocation partners, such as AFF1, AFF4, ENL, and AF9 (28) . Similar complexes containing some of the MLL partners in SEC were also identified by others as well (17, 44, 56) . SEC is required for the proper induction of the HSP70 gene upon stress, and this complex is also involved in HIV proviral transcription (17, 28, 44) . SEC also plays a role in the misactivation of HOX genes in leukemia and coordinates the proper induction of Hox genes during early developmental stages (27, 28, 56) . The identification of many of the common MLL translocation partners as SEC subunits indicates that MLL can relocalize the elongation complex SEC to the MLL targets such as the HOX genes, bypassing normal transcriptional controls and leading to the aberrant activation of MLL target genes implicated in hematopoietic malignancy (27, 28, 33, 43) .
AFF4, an essential component of SEC, directly interacts with P-TEFb and AF9 or ENL and is required for the formation of SEC (16, 28, 34) . In mammals, in addition to AFF1 and AFF4, the AFF family also includes two other members, AFF2 and AFF3. All of the family members share a similar domain organization with several conserved domains, including conserved N-and C-terminal domains, a serine-rich transactivation domain, and an ALF homology region (1) . Both AFF2 and AFF3 are linked to human diseases. Silencing of the AFF2 gene by CCG repeat expansion in the 5= untranslated region of the gene is implicated in fragile XE mental retardation (13, 15) . AFF3, like AFF1 and AFF4, has been found in fusion with MLL in acute lymphoblastic leukemia patients (30) . Recently, AFF3 was determined by genome-wide association studies to be one of the novel susceptibility genes associated with rheumatoid arthritis (46) .
In order to define the biochemical and molecular roles of the AFF family members, we purified to homogeneity the AFF2-and AFF3-containing complexes and found that they are present in SEC-like complexes (SEC-L2 and SEC-L3, respectively). Our studies demonstrate that SEC and SEC-L2 and -L3 contain the most active forms of P-TEFb in cell extracts. However, although SEC and SEC-L2 and -L3 have similar kinase activities for the Pol II CTD in in vitro enzyme assays, our genome-wide analyses have shown that these complexes regulate different subsets of genes in cells. For example, we found that SEC, but not SEC-L2 or SEC-L3, is a key regulator of rapidly induced genes such as MYC. Importantly, SEC is required for MYC expression in several leukemia cell lines, including both AML (acute myeloid leukemia) and ALL (acute lymphoblastic leukemia), suggesting that SEC could be a potential therapeutic target for the treatment of leukemia and perhaps other cancers associated with the overexpression of the MYC oncogene.
(This work was performed to fulfill, in part, requirements for Ph.D. thesis research by C.L. and N.M. as students registered with the Open University.)
MATERIALS AND METHODS
Expression plasmids and cell lines. AFF2, AFF3, and CDK9 cDNAs were amplified and cloned into pCDNA5/FRT-TO vector (Invitrogen) with an N-terminal Flag tag. The expression plasmids were transfected into 293 Flp-in-TRex cells and selected for with hygromycin. The expression of Flag-tagged proteins was induced with 1 g/ml tetracycline for 36 to 48 h. HEK293T and 293 Flp-in-TRex cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS. Jurkat and SEM cell lines were obtained from the American Type Culture Collection (ATCC). Kopn-8, ML-2, and EOL-1 cell lines were obtained from the DSMZ. These leukemia cell lines were grown according to the ATCC's or DSMZ's instructions. All cells were maintained at 37°C under 5% CO 2 .
Antibodies. Antibodies against tubulin and Flag were from Sigma. Antibody against Pol II (N20) was from Santa Cruz. Antibody against cyclin T1 was from Abcam. AFF1, AFF4, ELL2, ELL3, CDK9, and ENL antibodies were previously described (27, 28, 32) . The AF9 antiserum was raised in rabbits against a His tag protein corresponding to amino acids 305 to 382 of human AF9. His-tagged human AFF2 NT (amino acids [aa] 104 to 282), human AFF3 NT (aa 124 to 237), and CT (aa 816 to 982) were used to generate the AFF2 and AFF3 antisera in rabbits, respectively.
RNA interference (RNAi) and RT-qPCR. HEK293T cells were transfected with AFF2, AFF3, or AFF4 SMARTpool siRNA duplex (Dharmacon) using Lipofectamine (Invitrogen). AFF2 short hairpin RNA (shRNA) (V2THS_113929), AFF3 shRNA (V2THS_133851), and AFF4 shRNA (V2THS_197522) and constructs were purchased from Open Biosystems. Lentiviral particle preparation and infection were performed as previously described (28) . Total RNA was extracted with an RNeasy kit from Qiagen, and residual DNA was digested with RNase-free DNase I (Sigma) before repurification with the RNeasy kit and RT-qPCR. RNA levels were measured with SYBR green reverse transcription-PCR (RT-PCR) reagent from Qiagen. Human HSP70, MYC, AFF4, and GAPDH RT-quantitative PCR (qPCR) primers were previously described (28, 47) . Primers for the AFF2 RT-qPCR (5= to 3=) are GCACAAAGCTGATGCA CTGT and GTATGGGGACTTTGCTTCCA. Primers for the AFF3 RTqPCR (5= to 3=) are TCACGAAAGCAGCTCACAAC and GTTTCTGCC TCTTGCAGTCC.
Immunoprecipitations. HEK293T cells were washed with cold phosphate-buffered saline (PBS) once and lysed in a high-salt lysis buffer (20 2 , 300 mM NaCl, 10 mM KCl, 0.2% Triton X-100) before boiling in sodium dodecyl sulfate (SDS) loading buffer.
Flag purification, MudPIT analysis, and size exclusion chromatography. Anti-Flag M2 agarose was from Sigma. Nuclear extract preparation and Flag affinity purifications were performed in the presence of benzonase (Sigma). Trichloroacetic acid-precipitated protein mixtures from the Flag purifications were digested with endoproteinase Lys-C and trypsin (Roche) and analyzed by MudPIT as previously described (52) . The eluates from the Flag purification of AFF2, AFF3, and CDK9 were individually subjected to Superose 6 HR size exclusion chromatography on a column (GE Healthcare) containing size exclusion buffer ( (2) . After incubation at 30°C for 30 min, the reaction was stopped by adding 2ϫ SDS loading buffer, and the product was loaded onto gels for SDS-polyacrylamide gel electrophoresis (PAGE). Phosphorylated proteins were visualized by autoradiography.
Northern blot. Northern blotting was done as previously described (14) . Briefly, total RNA was separated on a 1% agarose-formaldehyde gel and transferred to a Hybond N membrane (GE Healthcare). Hybridization was carried out at 65°C, in 50% formamide-containing hybridization buffer, with 32 P-labeled riboprobes complementary to HSP70 and HISTH1B. Probe signal was imaged on a phosphor storage screen and scanned on a Typhoon Trio (GE Healthcare).
Chromatin immunoprecipitation (ChIP), RNA-Seq, and ChIP-Seq analyses. Cells were cross-linked with 1% formaldehyde and incubated with gentle rotation for 10 min at room temperature; cross-linking was quenched by the addition of glycine. Fixed cells were sonicated in lysis buffer using Bioruptor (Diagenode). Sonicated lysates equivalent to 4 ϫ 10 6 cells were used for ChIP assay. ChIP products were analyzed by qPCR using SYBR green on MyIQ thermal cycler (Bio-Rad). The comparative cycle threshold method was used to determine enrichment relative to the level of input. Human HSP70, MYC and the ␤-globin gene ChIP-qPCR primers were previously described (28, 47) . For ChIP-Seq, 5 ϫ 10 7 cells were used per immunoprecipitation according to the previously described protocol (26) . ChIP-Seq libraries were prepared with Illumina's ChIP-Seq sample prep kit.
Total RNA was prepared from the shRNA stable cell lines, and biological duplicate experiments were performed. Polyadenylated RNA was purified from total RNA and fragmented. Double-stranded cDNA from the RNA fragments were ligated to adapters and subjected to deep sequencing (Illumina). Sequencing reads were acquired through the primary Solexa image analysis pipeline, where bases were called and reads were filtered for quality, according to default Solexa standards. Filtered reads were then aligned to the human genome (UCSC [University of California, Santa Cruz] hg19) using the Bowtie (25) alignment tool, version 0.12.7. Only sequences that uniquely matched the genome with up to two mismatches were retained for subsequent analysis. RNA-Seq analysis was done using TopHat v1.3.2 (48) and Bowtie v0.12.7. Human transcript annotations were from RefSeq (downloaded from UCSC on 21 January 2011). Differentially expressed genes after RNAi were called with an FDR-adjusted P value of Ͻ0.05, and expression metrics were determined by Cufflinks v1.1.0 (49) . Four nontargeting RNAi samples were used as the control samples. Each RNAi sample was tested with two replicates.
For ChIP-Seq analyses, enriched regions were determined by the MACS (58) peak-finding program, version 1.4.0rc2. Sequence reads for each ChIP-Seq data set and their associated whole-cell extract control were used for the input and control file, respectively. The effective genome size was configured appropriately for the human data set, and the P value cutoff was set to 1.00e-05 or an FDR of Ͻ1% and a change greater than fivefold. All other MACS parameters were left at the default settings. Genes were called bound for all ChIP-Seq samples if an enriched peak region was found within 1 kb of the transcription start site of any isoform of a gene from RefSeq (downloaded from UCSC 21 January 2011).
FIG 1
Characterization of AFF2 and AFF3-containing complexes. (A) Purification of AFF2 and AFF3 complexes. Flag affinity purifications were performed to purify the AFF2-or AFF3-containing complex. The purified complexes were then subjected to silver staining and MudPIT analyses. (B) Comparison among AFF2-, AFF3-, and AFF4-containing complexes. P-TEFb, ENL, and AF9 were identified in all of the Flag-AFF2, -AFF3, and -AFF4 purifications. A low level of AFF4 was also detected in the AFF2 purification. However, ELL1, ELL2, and ELL3 could not be reproducibly detected by MudPIT analyses in the purified AFF2 and AFF3 complexes. The CDK9 purification contains AFF2, AFF3, and all of the subunits of previously identified P-TEFb-containing complexes, including SEC, BRD4/P-TEFb, and HEXIM1/P-TEFb. Numbers are distributed normalized spectral abundance factors (dNSAF) (59) averaged across 5, 7, 7, and 4 replicate analyses for AFF2, AFF3, AFF4, and CDK9, respectively. (C) Interaction between AFF family members and P-TEFb, ENL, ELL2, and ELL3 assessed by endogenous coimmunoprecipitation. 293T cell lysates were immunoprecipitated using antibodies to AFF1, AFF2, AFF3, AFF4, CDK9, or normal rabbit IgG; Western blotting was carried out to determine the levels of CDK9, cyclin T1 (CCNT1), ENL, ELL2, and ELL3 in the input and immunoprecipitated samples. CDK9, cyclin T1, and ENL were found to associate with all of the AFF proteins, while ELL2 and ELL3 were detected only in the AFF1-, AFF4-, and CDK9-immunoprecipitated samples. (D and E) Size exclusion chromatography of the Flag-AFF2 (D) and Flag-AFF3 (E) complexes were analyzed by silver staining and Western blotting. Western blotting using a Flag antibody reveals that the AFF2 complex is eluted from fractions 11 to 14 (D) and that the AFF3 complex is eluted from fractions 10 to 14 (E). The presence of ENL, AF9, CDK9, and cyclin T1 in these two complexes, as detected by Western blotting, is shown. (F) Schematic models of different SECs. The P-TEFb-containing complex SEC also contains a dynamic combination of ELL1 to ELL3, AFF1 and AFF4, and AF9/ENL. EAF1/2 can exist in SEC through binding to ELL1 to ELL3. The AFF2 and AFF3 complexes, named SEC-L2 and SEC-L3, respectively, contain P-TEFb and AF9/ENL. The presence of ELL-and EAF-related proteins has not been experimentally confirmed but is expected based on sequence conservation among AFF family members.
Read coverage information in the track figures was created using R by extending the reads 150 bases toward the interior of the sequenced fragment for ChIP-Seq or 40 bases for RNA-Seq and then computing the number of extended reads in 25-bp windows as the count of extended reads per million reads sequenced (RPM; counts/million). The resulting coverage object was exported and visualized using the UCSC genome browser (23) .
Gene expression database accession number. ChIP-Seq and expression data have been deposited at GEO under the accession number GSE34097.
RESULTS
Identification of two novel P-TEFb-containing complexes in addition to SEC. AFF2 and AFF3 are two closely related paralogs of the AFF1 and AFF4 proteins found in SEC. In order to explore whether these proteins exist in similar complexes and to better understand their biological functions, we first sought to purify AFF2-and AFF3-containing complexes. Inducible stable cell lines expressing Flag epitope-tagged AFF2 or AFF3 were generated by using a 293 Flp-In-TRex system. Flag affinity-purified AFF2-and AFF3-containing complexes were analyzed by silver staining (Fig.  1A) and MudPIT (Fig. 1B) to investigate the components of each purified complex. Significant amounts of CDK9, cyclin T1/2, and AF9/ENL peptides were reproducibly detected in the MudPIT analyses of the AFF2 and AFF3 complexes (Fig. 1B) . These interactions were subsequently confirmed by endogenous immunoprecipitation (Fig. 1C) . We also purified the CDK9 complexes to examine whether CDK9 can pull down AFF2 and AFF3 reciprocally. Each of the AFF and ELL family members, as well as ENL and AF9, was found in the CDK9 purifications. BRD4 and HEXIM1 complexes were also detected in this purification, but not with the AFF purifications, consistent with their being distinct P-TEFb complexes (Fig. 1B) . Surprisingly, the ELL family members ELL1 to ELL3, which complex with AFF1 and AFF4 in SEC, are not detectable in the Flag-AFF2 and Flag-AFF3 preparations by MudPIT analyses (Fig. 1B) . However, considering the high domain structure similarity among the AFF family of proteins (1, 28), we are not ruling out the possibility that AFF2 and/or AFF3 can interact with ELLs under different conditions, in different cell types.
To further characterize these two novel P-TEFb complexes, the purified AFF2 and AFF3 complexes were subjected to size exclusion chromatography. Silver staining and Western analysis of ENL, AF9, and the components of P-TEFb in the fractionated complexes show that both of the two complexes elute at fractions 10 to 14, overlapping with the AFF4/SEC elution profile ( Fig. 1D  and E) (28) . Since AFF1 and AFF4 can hetero-and homodimerize through their C-terminal homology domains and thus form the large macromolecular complex SEC (28, 56), we postulated that the elution of AFF2-and AFF3-containing complexes at large fractions could be due to the respective homodimerization of AFF2 and AFF3. Taken together, these results clearly show that similar to SEC, the AFF2 and AFF3 complexes are novel P-TEFb-containing complexes. Therefore, AFF2-and AFF3-containing complexes are named SEC-like 2 (SEC-L2) and SEC-like 3 (SEC-L3) (Fig. 1F) .
SEC-L2 and SEC-L3 are some of the most active forms of P-TEFb-containing complexes. Multiple P-TEFb-containing complexes exist in mammals, but they function differently according to their regulatory subunits, such as HEXIM1/7SK, BRD4, and AFF4 (18, 43) . In order to compare the kinase activities of these different P-TEFb-containing complexes, we fractionated the affinity-purified CDK9 complexes by size exclusion chromatography ( Fig. 2A) and analyzed the fractions by MudPIT (data not shown). Each fraction was first titrated by Western blotting to determine the level of CDK9 protein to ensure that similar amounts of CDK9 were used to perform Pol II CTD kinase assays. The reaction mixtures were then subjected to SDS-PAGE followed by autoradiography (Fig. 2B) . Fractions 11 to 13, which contain SEC, SEC-L2, and SEC-L3 ( Fig. 1 and 2B ) (28) , show the strongest in vitro kinase activities for Pol II CTD ( Fig. 2B ; compare activities in fractions 11 to 13 with those in fractions 16 to 18). Overall, although a small amount of the P-TEFb is found in these large SEC-containing complexes, the majority of the CTD kinase activity of P-TEFb is associated with these fractions, suggesting that the most active forms of P-TEFb are found within the SEC family. To determine which complexes (SEC, SEC-L2, or SEC-L3) in fractions 11 to 13 contribute to the robust Pol II CTD kinase activity, we (A) Purification and size exclusion chromatography of P-TEFb complexes. P-TEFb complexes were isolated from Flag-CDK9-expressing HEK293T cells by Flag purification. Size exclusion chromatography was used to separate different P-TEFb complexes, including SEC, SEC-L2, and SEC-L3 (peak from fractions 10 to 14), the BRD4/P-TEFb complex (peak in fractions 14 and 15), and the HEXIM1/7SK/P-TEFb complex (peak from fraction 15 to 19) (28, 43). The fractions were analyzed by silver staining. (B) Pol II CTD kinase activity analyses of the fractionated P-TEFb complexes. The amount of each fraction used was adjusted to ensure that similar amounts of CDK9 were present in each assay with [␥-32 P]ATP and recombinant Pol II CTD. The reaction products were then subjected to SDS-PAGE and autoradiography to assess the phosphorylated Pol II levels in each reaction. (C) Pol II CTD kinase activity analyses of SEC, SEC-L2, and SEC-L3. Flag-AFF4 (SEC), Flag-AFF2 (SEC-L2), Flag-AFF3 (SEC-L3), and Flag-CDK9 were assayed for Pol II CTD kinase activity as for panel B. Flag purification from wild-type HEK293T cells was used as a negative control (CTR). Triangles indicate decreasing titrations of CDK9-containing complexes. also examined the kinase activity of the purified AFF2, AFF3, and AFF4 complexes to that of the purified CDK9 complexes on the Pol II CTD. Similar kinase activity was observed in all three of the preparations of SECs (Fig. 2C) .
SEC, but not SEC-L2 or SEC-L3, is required for the release of paused Pol II on the HSP70 gene. Previously, we demonstrated that AFF4, as a central component of SEC, is required for the proper induction of the HSP70 gene upon stress, which is rate limited by regulating the release of promoter-proximal Pol II through the phosphorylation of the Pol II CTD, NELF, and SPT5 by the active P-TEFb complexes (12, 28, 37) . Since SEC, SEC-L2, and SEC-L3 can phosphorylate Pol II CTD in vitro with similar kinetics, we began to investigate whether AFF2 and/or AFF3 are also involved in the release of paused Pol II on HSP70. Consistent with previously published data, Pol II is paused at the HSP70 gene promoter, and upon heat shock Pol II is released into the gene body to allow productive elongation in 293T cells (Fig. 3A and B ) (6, 28) . AFF4 is also recruited over the transcribed region of the HSP70 gene along with Pol II after heat shock in 293T cells (Fig.  3B) (28) . No significant enrichment for AFF2 or AFF3 in this region was detected by ChIP-qPCR (Fig. 3B) . However, we cannot exclude the possibility that the levels of AFF2 and AFF3 in HEK293T cells were too low to be detected by ChIP. Therefore, we subsequently examined the requirement of AFF2, AFF3, and AFF4 separately for HSP70 gene expression upon stress. RT-qPCR and Northern blot analyses demonstrated that depletion of AFF4, but not AFF2 or AFF3, by RNAi compromises the proper heat shock response of the HSP70 gene ( Fig. 3C and D) . These findings confirm that only AFF4/SEC plays a major role in the release of paused Pol II on the HSP70 gene promoter in these cells (Fig. 3C and D) . These results suggest that SEC, SEC-L2, and SEC-L3 may have different gene target specificity in vivo, although all three P-TEFb complexes are able to phosphorylate the Pol II CTD in vitro with similar kinetics.
SEC, SEC-L2, and SEC-L3 demonstrate functional gene target specificity in vivo. In order to delineate the downstream target genes regulated by SEC, SEC-L2, and SEC-L3, we performed mRNA sequencing (mRNA-Seq) in the presence and absence of the central components of SEC, SEC-L2, and SECL-3. First, we established stable knockdown cell lines with either nontargeting or AFF2-, AFF3-, or AFF4-specific short hairpin RNA (shRNA) constructs. Knockdown efficiency measured by RT-qPCR indicates that RNAi can reach 80 to 90% suppression of the targets (Fig. 4A and B) . Subsequently, oligo(dT)-purified mRNA molecules were prepared from total RNA samples and prepared for paired-end, high-throughput sequencing. Differentially ex- pressed genes were determined with an FDR of Ͻ0.05 using four nontargeting replicates and two replicates each for the AFF2, AFF3, and AFF4 knockdown. As shown in Fig. 4C and D, the differentially expressed genes for each RNAi are generally distinct when viewed across the gene expression profiles of the other RNAi samples. In total, 226 genes were differentially expressed in the AFF2 knockdown cells (151 downregulated), 423 genes in AFF3 (338 downregulated), and 1,116 genes in the AFF4 (791 downregulated) knockdown cells. Interestingly, 76 of the genes affected by AFF2 knockdown were also changed by AFF3 knockdown (Fig.  4C and D) , corresponding to ϳ33.6% and ϳ18% of AFF2 and AFF3 targets, respectively. Furthermore, 150 genes with an altered expression in the AFF4 knockdown were also differentially expressed in either of the AFF2 or AFF3 knockdown samples. The data indicate that more than 86% of AFF4 targets are distinct and uniquely responsive to the depletion of AFF4, standing unchanged in either AFF2 or AFF3 knockdown (Fig. 4C and D) , while 55.3% of AFF2 and 61.7% of AFF3 were distinct and unique targets, respectively. Taken together, these observations indicate that different AFF family members control distinct subsets of gene targets in vivo. SEC directly regulates MYC gene expression. Since the genome-wide mRNA-Seq data have demonstrated a dominant role of AFF4 in the cells tested, we next performed genome-wide ChIP sequencing analysis in these cells by using AFF4 antibodies to establish a direct connection between AFF4 binding and its role in transcriptional regulation. We had previously demonstrated that SEC is required for the induction of many immediate early genes upon serum treatment subsequent to serum starvation (27) . In the present study, we found that many of these immediate early genes, including FOS, EGR1, and JUN are direct SEC functional target genes during normal growth by the RNA-Seq and ChIP-Seq analyses. We also found that the master regulator MYC gene (11) and the ADAMTS1 gene, which encodes a matrix-degrading proteinase, are SEC-specific functional gene targets (Fig. 5) . Our ChIPSeq data show that the SEC component AFF4 peaks at the TSS of the MYC and ADAMTS1 genes and travels through the whole transcription unit with Pol II (Fig. 5A and B) . The AFF4 binding on the MYC locus is consistent with previous published manual ChIP data (47) . Genome browser tracks from the RNA-Seq data show that MYC and ADAMTS1 mRNA levels are significantly reduced by AFF4 knockdown (Fig. 5C and D) . To exclude off-target effects of shRNA and confirm the specific role of AFF4 on MYC and ADAMTS1 gene expression, we performed siRNA treatment in HEK293T cells. RT-qPCR analyses showed that knockdown of AFF4, but not AFF2 and AFF3, by siRNA also reduced the RNA levels of MYC and ADAMTS1 (Fig. 5E and F) .
Recent studies have shown that MYC plays an important role in the self-renewal of leukemia stem cells and that the anti-leukemic effect of the BRD4 inhibitor JQ1 is due to the subsequent reduction of MYC expression (8, 9, 59) . However, this effect was seen only in acute myeloid (AML) cells, with acute lymphoblastic (ALL) leukemic cells being insensitive to JQ1 treatment (59) . To investigate the requirement of AFF4 in MYC gene expression in leukemic cell lines, we performed AFF4 ChIP in both AML and ALL cell lines. Interestingly, as shown in Fig. 6A , AFF4 localizes at the MYC locus in all of the cell lines tested. Knockdown of AFF4 further indicates that AFF4 is required for MYC gene expression in leukemic cells (Fig. 6B and C) . Taken together, the above results suggest that as a direct upstream regulator of the MYC gene, AFF4 and its complex SEC could be a novel drug target for leukemia, functioning in a broad spectrum.
DISCUSSION
Transcriptional elongation control by RNA Pol II is a pivotal step for the proper expression of many developmentally regulated genes, and its misregulation is associated with the pathogenesis of human cancer (3, 27, 28, 33, 41, 43) . A large number of factors have been determined to regulate this process by associating with P-TEFb. In this study, through biochemical purification of the previously uncharacterized AFF family members AFF2 and AFF3, we identified two novel P-TEFb-containing complexes, SEC-L2 and SEC-L3, which are similar to SEC in terms of subunit composition and activity for Pol II CTD in vitro. We also demonstrated that only SEC, not SEC-L2 or SEC-L3, controls the proper expression of the HSP70 gene upon stress, providing evidence for functional gene specificity for different versions of P-TEFb-containing complexes. In support of this observation, our genome-wide expression analyses demonstrate that each member of the SEC family of complexes regulates the expression of a different subset of genes. A key gene target of SEC identified by our ChIP-Seq and mRNA-Seq studies is the MYC gene, which is a central player in the regulation of cell proliferation. We extended these findings to demonstrate that SEC is recruited to the MYC locus and regulates MYC expression, in both AML and ALL cell lines, suggesting a role for SEC in leukemogenesis beyond its previously proposed role in the regulation of HOX expression.
The AFF1-and AFF4-containing SEC that we previously purified includes the ELL family members P-TEFb, ENL, and AF9 (28) . Nevertheless, neither the MudPIT analyses of the AFF2 and RT-qPCR analyses of MYC and ADAMTS1 mRNA levels upon siRNA-mediated AFF2, AFF3, and AFF4 knockdown. HEK293T cells were transfected with control (CTR), AFF2, AFF3, and AFF4 siRNA; 72 h after transfection, the cells were harvested and total RNA was extracted. MYC (E) and ADAMTS1 (F) mRNA levels in each sample were measured by RT-qPCR. GAPDH served as an internal control. Error bars represent standard deviations.
AFF3 complexes nor the Western analyses of the endogenous immunoprecipitation in 293 cells indicated the existence of any of the ELL proteins in SEC-L2 and SEC-L3 (Fig. 1B and C) , as had been expected based on the shared domain arrangement and high sequence similarity among the AFF proteins. However, we cannot rule out the possibility that AFF2 or AFF3 could function together with the ELLs as a complex under certain conditions or in different cell types. One of the possible reasons for our inability to detect ELLs in SEC-L2 or SEC-L3 could be the relatively low levels of AFF2 and AFF3 in HEK293T cells compared to AFF4, about 10-fold less as measured by RT-qPCR. Furthermore, the different AFF proteins could have variable stabilities in vivo, as the E3 ubiquitin ligase SIAH family members are known to regulate the polyubiquitinylation and proteasomal degradation of AFF1 through interactions with the N-terminal domain at a site that is highly conserved among all vertebrate AFF family members (5). It is also possible that the dynamics with which ELLs interact with AFFs is highly regulated and differs for each family member.
The set of genes affected by knockdown of each AFF family member is different, despite the fact that they all form similar P-TEFb-containing complexes, suggesting that there is only limited functional redundancy among this family. AFF family members are known to be differentially expressed in most tissues and have altered expression during development (22) . Therefore, the existence of four AFF proteins, and the presence or absence of the three ELL proteins, enlarges the diversity and regulatory potential of the SEC family in mammals.
In this study, we noticed that under normal growth conditions, AFF4 occupies immediate early genes like FOS and JUN and that their mRNA levels are affected by AFF4 knockdown. The data presented here are consistent with our previous study, which demonstrated that SEC is recruited to a set of rapidly and synchronously induced genes containing paused Pol II in response to retinoic acid or serum treatment, where SEC is required for their induction (27) . The immediate early gene products are believed to function as master regulators in various cellular pathways, since they control the expression of a wide range of effector genes implicated in development and disease, which suggests that SEC occupies a high position in the hierarchy of transcriptional regulatory cascades (10, 19) .
One of the direct target genes of SEC identified in the present study is MYC, which is a master regulator of cell cycle and proliferation and is overexpressed in many human cancers, thereby implicating SEC in the control of cell proliferation (11, 31) . MYC is one of a few well-characterized genes which are mainly regulated at the level of transcription elongation by promoter-proximal paused Pol II (24, 45) . Recent findings have indicated that BRD4 is also a critical player in the maintenance of AML through regulating the expression of the MYC gene. Knockdown of BRD4 by a specific shRNA or pharmacological inhibition of the BET bromodomain by the small molecule JQ1 leads to selective suppression of the MYC-regulated transcriptional network, prompting cell cycle arrest and apoptosis in AML cell lines, but not ALL cell lines (8, 9, 59) . The proven association of SEC components with leukemogenesis, together with our finding that SEC is required for the expression of MYC in both AML and ALL leukemia cells, suggests that AFF4 and its complex SEC might serve as a target for treating leukemia. Furthermore, another functional AFF4/SEC target gene identified in this study, ADAMTS1, encodes a matrixdegrading proteinase which can promote tumor progression and metastasis by creating a permissive microenvironment for cancer cell growth and migration (39) . This finding indicates another function of AFF4/SEC in cancer development, in addition to its role in the growth and proliferation of cancer cells per se, in mediating the interplay between tumor and stroma. In sum, our study suggests that AFF4/SEC is a potential therapeutic target for the treatment of leukemia or other types of cancers associated with MYC overexpression.
